. Jagged Apperance of Rayleigh-Backscatter Signal in Ultra high-Resolution Optical Time-Domain Reflectometry Based on Low-Coherence Interference, 1991 Optical Soci ety of America, Optics Letters, vol. 16, No. 18, Sep. 15, 1991 , pp. 1433 -1435 Proceedings of the 1993 IEICE Fall Conference, Sep. 5-8, 1993 A reflectomerry method and device are disclosed for mea suring the loss distribution of an optical waveguide on the basis of Rayleigh back-scattered signals from an optical waveguide under test. Light output from a tunable low coherent. light source, in which laser oscillation is sup pressed, is divided into first and second lights. Local oscil lator light is generated by propagating the first light over a variable optical path length determined by a movable mirror.
The second light is used as a probe light which is launched into the optical waveguide under test. The local oscillator light is combined with light reflected from the waveguide under test. An average value of the Rayleigh back-scattered signals from the waveguide under test is obtained at respec tive center wavelengths of the light source by measuring the intensity of the combined light while maintaining the vari able optical path length constant and varying the center wavelength of the light source. The average value of the Rayleighback-scattered signals is thus obtained at a point of the waveguide under test. After changing the variable optical path length by incrementally shifting the movable mirror, the above procedure is repeated to obtain an average value of the Rayleigh back-scattered signals at successive points of the waveguide under test. By thus reducing the number of times the mirror needs to be shifted, the time required for measuring the entire waveguide is reduced. The present invention relates to a reflectometry and a reflectometer which measure the loss distribution of an optical waveguide on the basis of Rayleigh back-scattering profile, and more particularly to a method and apparatus implementing spatial resolution of a millimeter region by using a so-called optical low coherence reflectometer utiliz ing optical low coherence interference. 2. Description of Related Art FIG. 1 shows a typical return waveform obtained by measuring Rayleigh back-scattering from a 70 km long optical fiber cable by an OTDR (Optical Time Domain Reflectometer) . The attenuation of the signal along the length of the optical fiber gives an attenuation coefficient (dB/km) of the optical fiber, and the amount of a stepwise attenuation of the signal gives splice loss at a splice point. The OTDR, however, cannot be used for measuring a waveguide, because its length is several meters at most. Instead, a so-called optical low coherence reflectometer is used which utilizes the interference of low-coherent light.
FIG. 2 shows a basic setup of a conventional optical low coherence reflectometer (OLCR). In this figure, the refer ence numeral 1 designates a low-coherent light source, which suppresses laser oscillation to emit low-coherent light whose spectral width is, for example, 20 mm. The reference numeral 2 designates an optical fiber coupler, 3 and 4 designate branch ports of the coupler 2, 5 designates a collimator lens, 6 designates a mirror, 7 designates a waveguide under test, 8 designates an output port of the coupler 2, 9 designates a photodetector, and 10 designates a selective level meter.
The emitted light from the light source 1 is divided into two parts by the coupler 2. The first part is passed through the port 3, collimated by the collimator lens 5, reflected by the mirror 6, and incident onto the coupler 2 again, so that the light propagating the output port 8 is used as local oscillator light. The other part is passed through the port 4, and incident onto the waveguide 7 under test. Back-scattered light, which is produced by Rayleigh back-scattering throughout the length of the waveguide 7 under test, travels through the port 4, and is combined with the local oscillator light. The combined light is received by the photodetector 9, and the interference intensity is measured by the selective level meter 10.
When performing measurement by the setup, the mirror 6 is shifted step by step by a very small amount, and the interference intensity for respective positions of the mirror 6 is detected by the selective level meter 10. Since the coherent length of the light source 1 is approximately 20 um, the reflected light (reverse scattered light) interferes with the local oscillator light only when the optical path length difference between the reflected light and the local oscillator light is within 20 Jum. Accordingly, each position of the mirror 6 can be considered to have a one-to-one correspon dence with each one of the back-scattering positions along the waveguide 7, and the interference intensity measured at cach point is proportional to the reflection intensity. This is thc principle of the conventional setup, which makes it FIG . 3 shows a setup of the low-coherent light source 1 using an erbium-doped optical fiber. In this figure, the reference numeral 11 designates a pump source module whose emission wavelength is 1.48 um. The reference numeral 12 designates a WDM (Wavelength-Division Mul tiplexer) coupler, 13 designates an erbium-doped optical fiber, 14 designates a mirror, and 15 designates an optical isolator which is incorporated to suppress reflection. The light emitted from the pump source module 11 enters the erbium-doped optical fiber 13. Then, the optical fiber 13 emits superfluorescent light whose center wavelength is about 1550 nm and whose spectral width is 20 nm by launching the pump light into the fiber. The superfluorescent light is reflected by the mirror 14, and is incident onto the optical fiber 13, again. The incident light is amplified by the optical fiber 13, propagates straight through the WDM coupler 12, and passes through the optical isolator 15. This setup makes it possible to suppress the laser oscillation by the optical isolator 15, and to emit the amplified superfluo rescent light, thereby implementing a low-coherent light source whose spectral width is 20 nm and whose optical output is 1 mW.
This type of an optical low coherence reflectometer measures the reflection power using the interference between the oscillator light and the reflected light. Since scattering particles are distributed throughout the waveguide 7 under test, the detection signal depends not only on the reflection intensity of the individual scattering particles but also on the optical path differences between scattering particles, that is, the phase differences between scattered light. Therefore, the Rayleigh scattering particles, whose distribution varies randomly along the length of the waveguide with correlation lengths of submicron order, cause speckle noise which varies randomly at a pitch of several tens of microns along the length of the wavelength shifted 70 times at every 15 um interval, and the reflection light from the waveguide 7 under test (a silica-based optical waveguide) was detected at each position of the mirror 6. This means that the waveguide 7 under test was detected at every 10 um interval, because the refractive index of the waveguide 7 is 1.5, and hence, 15um/1.5=10 um. Since the 700 um long waveguide had little loss, it was expected that the detection signal had an approximately constant intensity over that length. Actually, however, a detection signal, which changed randomly as shown in FIG. 4 , was observed.
One of the methods for obtaining loss information from the signal which changes randomly as in FIG. 4 is a smoothing method which averages the signal along the length of the waveguide. The smoothing method is described in K. Takada, et al. "Jagged appearance of Rayleigh back scattered signal in ultrahigh-resolution optical time-domain reflectometry based on low-coherence interference", Optics Letters, Vol. 16, No. 18, pp. 1433 -1435 , Sep. 15, 1991 This method will be explained more specifically referring to FIGS. 5, and 5A in which a 40 cm long silica-based waveguide is tested. In this method, the waveguide under test is divided into N=400 intervals in 1 mm increments, for example, and an averaged Rayleigh back-scattered signal is obtained in each interval. To perform this, the mirror 6 is shifted 100 times in 15 um steps in each interval of 1 mm as shown in FIG.5A , and the signal is detected at each position of the mirror. After completing the total of 100 measure 5,543,912 3 ments in an interval, the average of these signals is calcu lated. The average is adopted as the Rayleigh back-scattered signal of that interval. Thus, this measurement requires 100 times intermittent shifts of the mirror 6 and the detections of the reflected signals to obtain the average value at each interval. This means that 40,000 (=100x400) times of shifts of the mirror 6 and detections of the reflected signals are necessary to test the entire length of the 40 cm long waveguide 7 under test. In other words, the conventional method requires a great number of shifts of the mirror 6 and detections of the reflected signals in order to pick up the loss information of the waveguide. This arises a problem in that the measurement takes along time, and mechanical abrasion of a translation stage, on which the mirror is mounted, due to the shift of the mirror is large.
In addition, since the mirror vibrates slightly after the 15 um step shift is completed, the detection of the reflected signal should be carried out after the vibration falls. This requires approximately 0.1 second, and hence, the measure ment at a particular position of the mirror requires at least 0.1 second, which in turn means that a minimum of 4,000 seconds (=0.1X40,000) is necessary to complete the test of the 40 cm long waveguide. Furthermore, to reduce the detection time to less than 0.1 second, the response time must be increased by widening the detection bandwidth. This causes a new problem in that the signal-to-noise ratio (S/N) of the detection is degraded and its sensitivity is reduced. In a common experiment, since the bandwidth of the detection is set at about 3 Hz to increase its sensitivity, the measurement takes about 1 second for each position.
SUMMARY OF THE INVENTION
It is therefore an object of the present invention to provide a reflectometry and a reflectometer which can reduce the number of shifts of the mirror, thereby reducing the time required for measurement.
In a first aspect of the present invention, there is provided a reflectometry comprising the steps of: splitting outputlight from a light source into first light and second light, the light source being a low-coherent light source in which laser oscillation is suppressed, and the center wavelength of the light source being The light source may comprise means for sweeping its center wavelength at a fixed period, and the output means may comprise means for generating a DC component of the Rayleigh back-scattered signals which vary in response to the center wavelength of the light source.
The light source may comprise means for controlling the output power of the light source to take a substantially constant value.
The detecting means may have a response speed slower than the fixed period over which the center wavelength of the light source is swept.
The output means may comprise a lowpass filter which lowpasses the output of the detecting means.
The light source may comprise: an optical amplifier emitting superfluorescent light; a first optical bandpass filter whose center wavelength of a passband is tunable, and whose first end is connected to a first end of the optical amplifier; incident means, connected to a second end of the first optical bandpass filter, for feeding back the superfluo 5,543,912 5 rescent light emitted from the first end of the optical amplifier to the first end of the optical amplifier through the first optical bandpass filter, an optical isolator whose first end is connected to a second end of the optical amplifier, the optical isolator pre venting output light from the second end of the optical amplifier from being fed back to the optical amplifier; a second optical bandpass filter whose center wavelength of the passband is tunable, and whose first end is connected to a second end of the optical isolator, and a wavelength control means for changing the center wavelength of the passband of the first optical bandpass filter and that of the second optical bandpass filter in such a manner that the two center wavelengths of the passband agree with each other, wherein output light of the light source being emitted from a second end of the second optical bandpass filter.
The light source may comprise: a first optical amplifier emitting superfluorescent light; a first optical bandpass filter whose center wavelength of the passband is tunable, and whose first end is con nected to a first end of the first optical amplifier, the first optical bandpass filer bandpassing the superfluorescent light; a second optical amplifier whose first end is connected to a second end of the first optical bandpass filter, and which amplifies a light signal emitted from the first optical bandpass filter; a second optical bandpass filter whose center wavelength of the passband is tunable, and whose first end is connected to a second end of the second optical ampli fier, the second optical bandpass filter bandpassing output light from the second optical amplifier; a wavelength control means for changing the center wavelength of the passband of the first optical bandpass filter and that of the second optical bandpass filter in such a manner that the two center wavelengths of the passband agree with each other, and an optical isolator connected between the second optical amplifier and the first optical bandpass filter, or between the second optical amplifier and the second optical bandpass filter, wherein output light of the light source is emitted from a second end of the second optical bandpass filter. A second end of the first optical amplifier may undergo a treatment for reducing the reflectivity of the second end.
The light source may comprise: a four-port optical circulator having four ports a, b, c and d, a light signal propagating from the a port to the d port, from the b port to the c port, from the c port to the a port, and from the d port to the b port; an optical amplifier whose ends are connected to the a port and b port of the four-port optical circulator, the optical amplifier emitting superfluorescent light; an optical bandpass filter whose first end is connected to the c port of the four-port circulator; and a three-port optical circulator connected between a second end of the optical bandpass filter and the d port of the four-port optical circulator, the three-port optical cir culator supplying the optical bandpass filter with emit ted light from the d port of the four-port optical circulator, and emitting light outputted from the optical bandpass filer to the outside. The light source may comprise: 6 a four-port optical circulator having four ports a, b, c and d, a light signal propagating from the b port to the c port, from the c port to the a port, and from the d port to the b port, an optical amplifier whose ends are connected to the c port and d port of the four-port optical circulator, the optical amplifier emitting superfluorescent light; an optical bandpass filter whose first end is connected to the b port of the four-port circulator; and a three-port optical circulator connected between a second end of the optical bandpass filter and the a port of the four-port optical circulator, the three-port optical cir culator supplying the optical bandpass filter with emit ted light from the a port of the four-port optical circulator, and emitting light outputted from the optical bandpass filer to the outside. The light source may further comprise control means for controlling output power of the light source at a constant value.
In a third aspect of the present invention, there is provided a light source comprising:
an optical amplifier emitting superfluorescent light; a first optical bandpass filter whose center wavelength of a passband is tunable, and whose first end is connected to a first end of the optical amplifier; incident means, connected to a second end of the first optical bandpass filter, for feeding back the superfluo rescent light emitted from the first end of the optical amplifier to the first end of the optical amplifier through the first optical bandpass filter;
an optical isolator whose first end is connected to a second end of the optical amplifier, the optical isolator pre venting output light from the second end of the optical amplifier from being fed back to the optical amplifier; a second optical bandpass filter whose center wavelength of the passband is tunable, and whose first end is connected to a second end of the optical isolator, and a wavelength control means for changing the center wavelength of the passband of the first optical bandpass filter and that of the second optical bandpass filter in such a manner that the two center wavelengths of the passband agree with each other, wherein output light of the light source being emitted from a second end of the second optical bandpass filter. In a fourth aspect of the present invention, there is provided a light source comprising: a first optical amplifier emitting superfluorescent light; a first optical bandpass filter whose center wavelength of the passband is tunable, and whose first end is con nected to a first end of the first optical amplifier, the first optical bandpass filer bandpassing the superfluorescent light; a second optical amplifier whose first end is connected to a second end of the first optical bandpass filter, and which amplifies a light signal emitted from the first optical bandpass filter, a second optical bandpass filter whose center wavelength of the passband is tunable, and whose first end is connected to a second end of the second optical ampli fier, the second optical bandpass filter bandpassing output light from the second optical amplifier; a wavelength control means for changing the center wavelength of the passband of the first optical bandpass filter and that of the second optical bandpass filter in 5,543,912 7 such a manner that the two center wavelengths of the passband agree with each other; and an optical isolator connected between the second optical amplifier and the first optical bandpass filter, or between the second optical amplifier and the second optical bandpass filter, wherein output light of the light source is emitted from a second end of the second optical bandpass filter. Here, a second end of the first optical amplifier may undergo a treatment for reducing the reflectivity of the second end.
In a fifth aspect of the present invention, there is provided a light source comprising: a four-port optical circulator having four ports a, b, c and d, a light signal propagating from the a port to the d port, from the b port to the c port, from the c port to the a port, and from the d port to the b port; an optical amplifier whose ends are connected to the a port and b port of the four-port optical circulator, the optical amplifier emitting superfluorescent light; an optical bandpass filter whose first end is connected to the c port of the four-port circulator; and a three-port optical circulator connected between a second end of the optical bandpass filter and the d port of the four-port optical circulator, the three-port optical cir culator supplying the optical bandpass filter with emit ted light from the d port of the four-port optical circulator, and emitting light outputted from the optical bandpass filer to the outside. In a sixth aspect of the present invention, there is provided a light source comprising: a four-port optical circulator having four ports a, b, c and d, a light signal propagating from the b port to the c port, from the c port to the a port, and from the d port to the b port; an optical amplifier whose ends are connected to the c port and d port of the four-port optical circulator, the optical amplifier emitting superfluorescent light; an optical bandpass filter whose first end is connected to the b port of the four-port circulator, and a three-port optical circulator connected between a second end of the optical bandpass filter and the a port of the four-port optical circulator, the three-port optical cir culator supplying the optical bandpass filter with emit ted light from the a port of the four-port optical circulator, and emitting light outputted from the optical bandpass filer to the outside. Here, the light source may further comprise control means for controlling output power of the light source at a constant value.
The above and other objects, effects, features and advan tages of the present invention will become more apparent from the following description of the embodiments thereof taken in conjunction with the accompanying drawings. 
DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
The invention will now be described with reference to the accompanying drawings. Before describing embodiments, however, the principle of the present invention will be described.
The present invention abandons the conventional smooth ing method based on the shift and averaging, but performs wavelength averaging of Rayleigh back-scattered signals by changing center wavelength of the low-coherent light source of the reflectometer while keeping the mirror at a position corresponding to a measurement position in the waveguide under test, thereby obtaining the averaged Rayleigh back scattered signal. This method will be described in more detail.
If the mirror is set at a particular position, the intensity I(x) of a Rayleigh back-scattered signal at a measurement position X, which the optical low coherence reflectometer detects is given by the following equation. (1). In this figure, X is a particular test position in the waveguide under test, which is determined by the position of the mirror, and is measured from the original point X=0 which is set at the input end of the waveguide undcr test. In addition, C is a constant, P is the emission power of the light source, T(x) is the transmission coefficient of light from the input end (X=0) to the measurement point X=X, X=x is a k-th position of Rayleigh back-scattering point along the waveguide, a is the reflection coefficient at that point, oo is the center wavenumber of the light source, that is, the center frequency divided by the light velocity c, and n is the refractive index of the waveguide. R(X) is a visibility function that represents the visibility of interfer ence fringes of the output light from the light source when the optical path difference is 2 nX. Assuming that E(t) is the electric ficla of the outputlight from the light source, and <> is a symbol representing the average over a time t, the visibility function R(x) is given by the following equation. method for obtaining the value of T(x) will be as follows:
ASSuming that the full width at half maximum of the spectrum of the output light from the light source is AO in terms of the center wavenumber, the relationship Ax=s 1/ (nAO) holds. At a particular point X=x, only the scattering particles present in the window T(x), whose center is X=x and whose width is Ax, contribute to equation (1). This is because the local oscillator light and the reflected light interfere only in the window width of Ax because low coherent light is used as the light source. Thus, the intensity of a signal detected by the optical low coherence reflecto meter is proportional to the total sum of the interference term acajcos(47Coon(x-x)) between scattered light generated by scattering particles in the window T(x). These scattering particles are Rayleigh scattering particles which are distrib uted randomly along the entire length of the waveguide, and which have submicron correlation lengths. When the width AX of the window T(x) is of the order of several tens of micrometers, a few micrometer change of X will arise sharp changes in the total sum as shown in FIG. 4 .
Here, the average of the Rayleigh back-scattered signals is obtained by sweeping the center wavenumber oo by EAO/2 about the center value O. By integrating I(x) of equation (1) from ol-AO/2 to ot-AO/2 with respect to oo, and by dividing the result by AO, the average <(x)> of I(x) in terms of wavelength is given by the following equation.
where T (x) and T (x) are approximated by T(x) because T(x) is supposed to be substantially constant in the width of the window T(x), that is, in the spatial resolution AX. In addition, G(y) is given by the following equation.
As will be seen from equations (1) Since it is assumed that the change Ao due to the sweeping of the center wavelength of the light source is much greater than the spectral width AO of the light, AODAo holds.
This means that the width AL associated with AO is much narrower than the width Ax of the window T(x) associated with Aoo. In other words, AL<<AX, as shown in FIG. 6 .
Thus, the right-hand side of equation (2) is equivalent to the following two-step calculations. The first step is to fixx, and calculate the total sum of the interference terms atacos (4TOn(x-x) in the window 0(x) whose center is x and whose width is AL. The calculation result is assumed to be X (0). The second step is to calculate the total sum X (T) of the X (0)s in the window (x) while varying x. These two steps correspond to the steps of the conventional method as shown in FIG. 5: The first step, in which the total sum X (0) in the window 0(x) is calculated, corresponds to detecting the Rayleigh back-scattered signal while fixing the mirror at a position corresponding to X in the waveguide under test, when the spatial resolution is AL, as described in the conventional technique. The second step, in which the total sum with respect to the window TOx) is taken, is equivalent to calculate the average value of the Rayleighback-scattered signals at respective positions in the window (x) while shifting the mirror in 15 um steps in order to shift the detection point in the window T(x), as described with regard to FIGS. 5 and 5A. Thus, the averaging processing of the Rayleigh back-scattered signals in accordance with the conventional shifting-and-averaging (that is, smoothing) method can be accomplished in an alternative way, in which the center wavelength of the low-coherent light source is swept by an amount AO greater than the spectral width AO while fixing the mirror at a position. Since the center wavelength of the low-coherent light source can be easily varied as will be described later, the average Rayleigh back-scattered value can be obtained without carrying out the conventional multi-position measurement accompany is proved to be proportional to which is determined uniquely by the spectrum of the output light from the low-coherent light source. Since the spectrum of the light at each wavelength is kept identical during the wavelength sweep, this factor is also kept constant during the sweep. Therefore, <I(x)> of equation (5) is proportional to T(x). Thus, T (x) can be obtained by measuring <I (x)
> while varying X. In practice, since the sweeping width of the center wave length is generally limited by the gain width of the optical amplifier employed in the light source, some randomly changing components will remain with the change of x. This residual components, however, will fall below til dB of the average value given by equation (5).
The averaging can be carried out by calculating at individual positions X, where N is the number of wave lengths occurring during a sweep, and I is the signal associated with a wavelength . In addition, since I(x) is proportional to P, if the power P of the light source varies for each wavelength, should be calculated, where P, and P are optical outputs at wavelengths and W, and A is a particular wavelength in a number of wavelengths 1, 2, . . . , Wv.
To accomplish the purpose, the present invention is char acterized in the following:
(1) The speckle noise is reduced by using a low-coherent light source whose center wavelength is tunable, and by averaging Rayleigh back-scattered signals for indi vidual wavelengths. (2) The wavelength tunable, low-coherent light source is implemented by using one or two optical amplifiers one or two optical bandpass filters. The superfluorescent light emitted from the optical amplifier is bandpassed by the first optical bandpass filter, optically amplified, and bandpassed again by the second bandpass filter in order to remove the spontaneous emission light con tained in the amplified light. The center wavelengths of transmission of both the bandpass filters are changed so that they agree with each other. Next, embodiments in accordance with the present inven tion will be described referring to the drawings. reference numeral 16 designates a low-coherent light source whose center wavelength is tunable, 17 designates an optical fiber coupler for monitoring the output light from the light source 16, 18 designates an optical power meter, 19 desig nates a phase modulator, and 20 designates a computer. The phase modulator 19 is constructed by winding a part of the probe fiber 4 around a cylindrical PZT (lead zirconate titanate) piezoelectric stretcher. It generates a carrier of 140 HZ as a serrodyne does, by applying a sawtooth waveform voltage of 140 Hz. In this embodiment, the intensity I(x) of Rayleigh back-scattered light from the waveguide 7 under test is measured by detecting the 140 Hz component in the output from the optical detector 9 with the selective level meter 10 at each position X of the mirror 6.
The present invention carries out the following two types of wavelength averaging processings for wavelength changes of the light source 16.
(1) The first averaging method calculates at each position x after sweeping the entire wavelength range once, during which the monitor output P from the optical power meter 18 and the output I from the selective level meter 10 are stored in the computer 20 for each wavelength while sequentially changing the wavelength of the light source 16. Here, P, is optical output power at a particular wavelength i among the wavelengths (k=1,2, . . . , N) occurring during the sweep of the wavelength.
(2) The second averaging method sweeps the wavelength of the light source at a fixed interval, and controls the output power of the light source so that it is maintained at a constant value.
The first method requires no feedback control mechanism for maintaining the output power of the light source at a constant value. Accordingly, the first method has the advan tage over the second method in that the effect of output fluctuations can be easily corrected. The first method, how ever, takes a considerable time because I and P for each wavelength must be stored in the computer 20, and averaged for each sweep.
FIG. 8 illustrates changes in Rayleigh back-scattered signals when the wavelength of the probe light is varied from 1525 nm to 1560 nm at 1 nm interval. Although the signals change randomly at this interval of the wavelength, the average value of the Rayleigh back-scattered signals at each position along the waveguide can be obtained by averaging the signal.
In FIG. 9 , (a) illustrates an averaged Rayleigh back scattered profile from a spliced single mode fiber. An optical power loss of the order of a few dBs occurred at the position of 3 mm, at which two optical fibers were spliced. The fluctuations of the Rayleigh back-scattered signal were within +1 dB. Thus, the splice loss was estimated on the basis of the changes of the signal at the spliced point. In this figure, (b) illustrates a Rayleigh back-scattered profile obtained by the conventional smoothing method. In this measurement, the superfluorescent light from an optical fiber amplifier, whose spectrum is shown in the inset of FIG. 9, was used as the light source, and the Rayleigh back scattered signals detected were smoothed along the length of the waveguide. The optical output power from the light sources in both the measurements was 4.3 dBm.
Comparing (a) and (b) of FIG. 9 , it will be seen that the waveform obtained by the wavelength averaging method in accordance with the present invention fluctuates less than 5,543,912 13 that obtained by the conventional smoothing method. Fur thermore, the signal level of the present invention is higher than that of the conventional method by an amount of 14 dB. Thus, the wavelength averaging method in accordance with the present invention is superior to the conventional method not only in reducing fluctuations but also in increasing the signal.
FIGS. 10 and 11 illustrate results of measurement of the Rayleigh back-scattered profile of silica-based planar light wave circuits. In the measurement, the TE mode was excited at the input end of each waveguide (lightwave circuit). Each waveguide was connected to optical fibers on the input and output facets of the waveguide via index matching oil applied to their end faces. The index matching oil, however, could not perfectly eliminate end-reflection, and a residual reflection of approximately -30 dB was observed. On the other hand, the reflectivity of the Rayleigh back-scattering was less than -80 dB. In spite of such a large Fresnel reflection, it was observed that the Rayleigh back-scattering was attenuated by an amount of 5 dB in 35 cm. Thus, it was found that the loss coefficient of the waveguide was (5 dB /35 cm)/2= 0.07 dB/cm. In FIG. 11 , the Rayleighback-scattered signal was attenu ated by an amount of 0.7 dB over 23 cm in the first half of the waveguide, and by an amount of 2.2 dB over 17 cm in the latter half of the waveguide. Thus, the loss coefficients of each portion was estimated as (0.7 dB/23 cm)/2=0.015 dB/cm, and (2.2 dB/17 cm)/2=0.06 dB/cm.
The second averaging method is implemented by provid ing the light source with a control system for maintaining the output power of the light source at a constant value while sweeping the wavelength of the light source at a fixed period. More specifically, the output of the light source 16 is split by the coupler 17 of FIG. 7 so that the temporal variation in the output power of the light source 16 is detected, and the pumping power of the light source 16 is controlled so that the output power is kept constant. In this case, signal changes as shown in FIG. 8 are observed for each one period of the sweep of the wavelength. Assuming that the period of the sweep is 100 ms, the signal changes at least at a rate ten times that of the period, that is, at approximately 10 ms. Accordingly, if the cutoff frequency of the lowpass filter, which is incorporated in the selective level meter 10, is set at 3 Hz (that is, if the response speed is set at about 0.3 s), the signal whose changing rate is higher is smoothed by the lowpass filter, and the average value of the signal is outputted as a DC component.
Here, it should be noticed that the detection frequency of the reflectometer should be changed from 140 Hz to several tens of kHz. This change can be performed by incorporating another PZT stretcher driven by a 10 kHz sinusoidal wave form voltage into a local oscillator port 3 in FIG. 7 , or by replacing the PZT stretcher 19 with a waveguide phase shifter such as an LiNbO, waveguide shifter driven by a 10 kHz, sawtooth waveform voltage.
In this second method, although the feedback mechanism connected to the light source will complicate the system, the time required for obtaining an average Rayleigh back scattered signal at each one point along the waveguide can be reduced to approximately 1 sec, by setting the wavelength sweep period at approximately 100 ms. In contrast, the conventional method, which smoothes the Rayleigh back scattered signals along the length of the waveguide after performing multi-point measurements while shifting the mirror, takes approximately 100 seconds to obtain one average Rayleigh back-scattered signal, under the assump tion that the measurement at one point takes 1 second and the present invention, which implements a tunable wave length superfluorescent light source for a reflectometer. In this figure, the reference numeral 21 designates a pump source whose wavelength is 1.48 um, 22 designates a wavelength-division multiplexer coupler for wavelengths of 1.55um and 1.48 pum, 23 designates an erbium-doped optical fiber, 24 designates an optical bandpass filter module with optical fibers attached to its ends, 25 designates a mirror, 26 designates an optical isolator, 27 designates an optical bandpass filter module identical to the filter module 24. The superfluorescent light emitted from an optical amplifier 41, which is composed of the erbium-doped optical fiber 23, the pump source 21, and the WDM coupler 22, is passed through the optical bandpass filter module 24, and is reflected on the mirror 25. The reflected light passes through the optical bandpass filter 24, again, and enters the optical fiber amplifier 41 to be amplified.
The optical bandpass filter 24 includes a bulk-type filter, a collimate lens, and optical fibers. The bulk-type filter has bandpass characteristics whose width is 0.5 nm at the center wavelength of 1560 nm for vertically incident light, and approximately 1 nm about the wavelength of 1530 nm. The optical bandpass filter 24 shifts the center wavelength of the passband toward the short wavelength side when the filter 24 is rotated to change the incident angle of the light beam. The optical isolator 26 is provided to suppress the laser oscilla tion, Since the low-coherent light amplified by the optical amplifier 41 and emitted from the optical isolator 26 con tains spontaneous emission light caused by the amplifica tion, it must be removed by the optical bandpass filter module 27. By rotating the two bandpass filters 24 and 27 in synchronism, low-coherent light whose width is less than 1 nm is obtained over a range of more than 30 nm width. The rotation of the bandpass filters 24 and 27 are carried out by a wavelength control mechanism 40.
Although the light source as shown in FIG. 12 can easily vary the wavelength, it has the following two drawbacks.
(1) In the setup of FIG. 12 , the light output is limited to a few milliwatts at most, because an increase in the pumping power of the pump source 21 to increase the optical output will cause the laser oscillation. The setup can be considered as a Fabry-Perot resonator, in which the optical fiber amplifier 41 is sandwiched between the mirror 25 and the optical isolator 26. Since the reflec tivity of the mirror 25 is nearly 100%, the return loss caused by a round trip of light between the mirror 25 and the amplifier 41 is approximately 3 dB at most, even if the loss of the bandpass filter 24 is taken into account. On the other hand, the return loss of the optical isolator 26 is no more than 60 dB in the state of the art.
structure in the spectrum of the emitted light because the optical feedback effect cannot be ignored. This will cause complicated side lobes in a measurement of Fresnel reflection using a optical low coherence reflec tometer. More specifically, Fresnel reflection occurs at the interface when light enters a medium having a different index of refraction. Accordingly, it can be assumed that the reflection coefficient at the interface x. is a whereas the reflection coefficients at positions other than x can be neglected. Thus, by substituting a in equation (2) for a?(X-X), where a is a constant, and 6 is the delta function, and replacing X by integral, measurement of Fresnel reflection by a optical low coherence reflectometer corresponds to measuring R*(x), the square of the visibility function R(x) of the output light from the light source. This square function is referred to as a Fresnel response function. Since R(x) is determined by the Fourier transform of the spectrum of the light source, the fine structure in the spectrum will cause complicated side lobes in the Fresnel response function. The level of the Rayleigh back-scattered signal, which is reflected by the waveguide 7 under test and is detected by the detector 9, is less than -80 dB as illustrated in FIGS. 10 and 11, when the back-scattered signal is measured at about 1 mm resolution. More than 10 mW optical output is essential to the light source in order to measure such a weak signal at a high S/N (signal-to-noise ratio). Generally speak ing, since the refractive index of the waveguide differs from that of the probe optical fiber 4 in FIG. 7 , it is impossible to reduce the end-reflection (Fresnel reflection) of the waveguide to an order of the level of the Rayleigh back scattered signal by using index matching oil. Since the length of the waveguide 7 under test is no more than 1 m, the Fresnel response signal to the residual Fresnel reflection will be accompanied with side lobes as described in (2) above. Thus, the Rayleigh back-scattered signals from a larger part of the waveguide 7 under test will be masked by the side lobes, and hence, measurement of the In view of this, this embodiment uses two optical ampli fiers 51 and 52, which are optically interconnected in such a manner that the laser oscillation is suppressed by optical isolators. The first optical amplifier 51 is used to generate low-coherent light whose spectral width is narrower than that of the superfluorescent light from the amplifier. The second optical amplifier 52 amplifies the light, which is emitted from the first amplifier 51, and is passed through an optical bandpass filter 24 and an optical isolator 26. The optical isolator 26 serves to isolate the two optical amplifiers 51 and 52, thereby suppressing the optical feedback effect greatly. In FIG. 13 The optical bandpass filter module 24 is provided for generating low-coherent light from the superfluorescent light produced by the first optical fiber amplifier 51, which is composed of the elements 21, 22 and 23. The low coherent light has a bandwidth narrower than the spectral width of the superfluorescent light. One end of the optical fiber 23 is cut, thereby giving return loss of 60 dB. The total return loss of the optical isolator 26 and the optical bandpass filter 24 is also 60 dB. Therefore, the light undergoes the total of approximately 120 dB loss during around trip in the Fabry-Perot resonator which is set up between the optical isolator 26 and the cut end of the optical fiber 23. The loss greatly exceeds the gain of the optical amplifier 51, which is 80 dB. Therefore, the effect of the optical feedback can be greatly reduced.
The narrow-band, low-coherent light is amplified by the second optical amplifier 52 which is composed of the elements 28, 29 and 30, and is sandwiched between the optical isolators 26 and 31. Since the second optical ampli fier 52 is sandwiched between the optical isolators 26 and 31, whose return loss is 60 dB, respectively, the effect of the optical feedback can be greatly reduced as in the first optical amplifier 51. The narrow-band light, which is amplified by the second optical amplifier 52, is passed through the second optical bandpass filter 27, so that wideband superfluorescent light generated by the second optical amplifier 52 is removed. In an experiment, the optical bandpass filter mod ules 24 and 27 are tuned by the wavelength control mecha nism 40 so that their center wavelengths of the passband agree with each other.
FIG. 14 illustrates the optical output power from the optical bandpass filter 27 against the pumping input power to the second optical amplifier 52. Here, the wavelength of the input was 1.48 um (1480 nm), and the center wavelength of the output was 1555 nm. Since the optical isolators 26 and 31 are a polarization-independent type in this embodiment, the output light was in nearly an unpolarized state. The optical output power of approximately 11 mW was obtained for 60 mW pumping power as shown in FIG. 14.  FIG. 15 illustrates the optical spectra of the output light in a logarithmic scale, when the pumping input power to the optical amplifier 52 is set at 60 mW, and the center wave lengths of the passband of the optical bandpass filters 24 and 27 are varied from 1530 nm to 1560 nm in 2 nm steps by rotating dielectric coating filters incorporated into the optical bandpass filters 24 and 27. The rotation angle in FIG. 15 is the rotation angle of the dielectric coating filter of the optical bandpass filter 27. The pumping input power to the first optical fiber amplifier 51 was 60 mW in FIGS. 14 and 15. As shown in FIG. 15 , the output light is a narrow-band, low coherent light whose bandwidth is equal to or less than 1 nm at any wavelengths. Thus, the light source of this embodi ment can produce high-power, narrow-bandwidth, low-co herent light without causing the laser oscillation, even if the pumping input power to the optical amplifiers 51 and 52 is 60 mW, and the one-way gain of the optical amplifiers is increased to near 40 dB. FIG. 16 shows a measurement result of the Fresnel response function of the optical low coherence reflectometer by using a -15 dB Fresnel reflection occurring at the output end 4A (see , FIG. 7 ) of the probe optical fiber 4 with the waveguide 7 under test removed. In FIG. 16 , the output from the rcflectometer is represented in dB, with the output scale being adjusted so that the output becomes -15 dB when the optical path length difference is zero. As described above, measuring the Fresnel reflection with the optical low coher ence reflectometer corresponds to measuring the square R*( As shown in FIG. 16 , using the light source of the present embodiment makes it possible to suppress side lobes in spite of the large Fresnel reflection of -15 dB, and a 1 cm change in the optical path length reduces the value of the response function by 85 dB in comparison with the peak value. This is because the optical feedback effect in the light source is reduced very much. The -75 dB side lobe observed on the left-hand side of the peak is due to a scattering particle in the probe optical fiber 4, the side lobe being separated about 1 cm optical path length from the peak. In contrast with this, the conventional light source as shown in FIG.3 requires approximately 10 cm optical path length to reduce the response by 80 dB. In this figure, the reference numeral 32 designates a four-port optical circulator having four ports a, b, c and d. The reference numeral 24 designates an optical bandpass filter, 33 designates a three-port optical circulator having three ports e, f and g. Propagation directions of light in the optical circulators 32 and 33 are indicated by arrows in this figure. The elements 21, 22 and 23 constitute optical fiber amplifier 61.
The superfluorescent light generated by the optical fiber amplifier 61 enters the a port of the optical circulator 32, is emitted from the d port, and enters the e port of the optical circulator 33. The light emitted from the g port of the optical circulator 33 passes through the optical bandpass filter 24, and enters the c port of the optical circulator 32. The light cmitted from the a port of the optical circulator 32 is amplified by the optical fiber amplifier 61, and enters the b port of the optical circulator 32. The light emitted from the c port of the optical circulator 32 passes through the optical bandpass filter 24, enters the g port of the optical circulator 33, is emitted from the fport of the optical circulator 33, and enters the main portion of the optical low coherence reflec tOmeter.
On the other hand, a part of the superfluorescent light generated by the optical amplifier 61 enters the b port of the optical circulator 32, and is emitted from the c port. The Thus, the light entering the main portion of the opticallow coherence reflectometer passes through the optical bandpass filter 24 without fail, and each of the superfluorescent light is emitted to the outside from the optical circulator 33 after a circulation without returning to the generated position. Therefore, this setup makes it possible to suppress the laser oscillation, and to vary the wavelength by a single optical bandpass filter. In this way, a high-speed, tunable-wave length, narrow-bandwidth, low-coherent light source of a constant output power can be implemented by tuning the optical bandpass filter 24 at a high speed, and by controlling the optical output power of the pump source 21. On the other hand, a part of the superfluorescent light generated by the optical amplifier 61 enters the d port of the optical circulator 32, and is emitted from the b port. The emitted light from the b port passes through the optical bandpass filter 24, enters the g port of the optical circulator 33, and is emitted from the fport. The light emitted from the fport enters the main portion of the optical low coherence reflectometer.
Thus, the light entering the main portion of the optical low coherence reflectometer passes through the optical bandpass filter 24 without fail, and the bandpassed, amplified, narrow bandwidth superfluorescent light is emitted to the outside from the optical circulator 33 after a circulation without returning to the generated position. Therefore, this setup makes it possible to suppress the laser oscillation.
The present invention has been described in detail with respect to various embodiments, and it will now be apparent from the foregoing to those skilled in the art that changes and modifications may be made without departing from the invention in its broader aspects, and it is the intention, therefore, in the appended claims to cover all such changes and modifications as fall within the true spirit of the inven tion.
What is claimed is: a second optical bandpass filter whose center wavelength of the passband is tunable, and whose first end is connected to a second end of said second optical amplifier, said second optical bandpass filter bandpass ing output light from said second optical amplifier; a wavelength control means for changing the center wavelength of the passband of said first optical band pass filter and that of said second optical bandpass filter in such a manner that the two center wavelengths of the passband agree with each other, and an optical isolator connected between said second optical amplifier and said first optical bandpass filter, or between said second optical amplifier and said second optical bandpass filter, wherein output light of said light source is emitted from a second end of said second optical bandpass filter.
12. The reflectometer as claimed in claim 11, wherein a second end of said first optical amplifier undergoes a treat ment for reducing the reflectivity of said second end.
13. The reflectometer as claimed in claim 5, wherein said light source comprises: a four-port optical circulator having four ports a, b, c and d, a light signal propagating from the a port to the d port, from the b port to the c port, from the c port to the a port, and from the d port to the b port; an optical amplifier whose ends are connected to the a port and b port of said four-port optical circulator, said optical amplifier emitting superfluorescent light; an optical bandpass filter whose first end is connected to the c port of said four-port circulator, and a three-port optical circulator connected between a second end of said optical bandpass filter and the d port of said four-port optical circulator, said three-port optical cir culator supplying said optical bandpass filter with emit ted light from the d port of said four-port optical circulator, and emitting light outputted from said opti cal bandpass filer to the outside.
14. The reflectometer as claimed in claim 5, wherein said light source comprises: a four-port optical circulator having four ports a, b, c and d, a light signal propagating from the b port to the c port, from the c port to the a port, and from the d port to the b port;
an optical amplifier whose ends are connected to the c port and d port of said four-port optical circulator, said optical amplifier emitting superfluorescent light; an optical bandpass filter whose first end is connected to thc b port of said four-port circulator, and a three-port optical circulator connected between a second end of said optical bandpass filter and the a port of said four-port optical circulator, said three-port optical cir culator supplying said optical bandpass filter with emit ted light from the a port of said four-port optical circulator, and emitting light outputted from said opti cal bandpass filer to the outside.
15. The reflectometer as claimed in claim 5, wherein said light source further comprises control means for controlling output power of said light source at a constant value. 16. A light source comprising: a first optical amplifier emitting superfluorescent light; a first optical bandpass filter whose center wavelength of the passband is tunable, and whose first end is con nected to a first end of said first optical amplifier, said first optical bandpass filer bandpassing the superfluo rescent light; a second optical amplifier whose first end is connected to a second end of said first optical bandpass filter, and which amplifies a light signal emitted from said first optical bandpass filter; a second optical bandpass filter whose center wavelength of the passband is tunable, and whose first end is connected to a second end of said second optical amplifier, said second optical bandpass filter bandpass ing output light from said second optical amplifier; a wavelength control means for changing the center wavelength of the passband of said first optical band pass filter and that of said second optical bandpass filter in such a manner that the two center wavelengths of the passband agree with each other, and 22 an optical isolator connected between said second optical amplifier and said first optical bandpass filter, or between said second optical amplifier and said second optical bandpass filter, wherein output light of said light source is emitted from a second end of said second optical bandpass filter.
17. The light source as claimed in claim 16, wherein a second end of said first optical amplifier undergoes a treat ment for reducing the reflectivity of said second end.
18. The light source as claimed in claim 16, wherein said light source further comprises control means for controlling output power of said light source at a constant value.
19. A light source comprising: a four-port optical circulator having four ports a, b, c and d, a light signal propagating from the a port to the d port, from the b port to the c port, from the c port to the a port, and from the d port to the b port; an optical amplifier whose ends are connected to the a port and b port of said four-port optical circulator, said optical amplifier emitting superfluorescent light; an optical bandpass filter whose first end is connected to the c port of said four-port circulator; and a three-port optical circulator connected between a second end of said optical bandpass filter and the d port of said four-port optical circulator, said three-port optical cir culator supplying said optical bandpass filter with emit ted light from the d port of said four-port optical circulator, and emitting light outputted from said opti cal bandpass filer to the outside. 20. A light source comprising: a four-port optical circulator having four ports a, b, c and d, a light signal propagating from the b port to the c port, from the c port to the a port, and from the d port to the b port; an optical amplifier whose ends are connected to the c port and d port of said four-port optical circulator, said optical amplifier emitting Superfluorescent light; an optical bandpass filter whose first end is connected to the b port of said four-port circulator; and a three-port optical circulator connected between a second end of said optical bandpass filter and the a port of said four-port optical circulator, said three-port optical cir culator supplying said optical bandpass filter with emit ted light from the a port of said four-port optical circulator, and emitting light outputted from said opti cal bandpass filer to the outside. 
